Lake Michigan, the sixth largest freshwater lake in the world by surface area, was utilized as a water body for assessment. Field data collected at sampling sites throughout the lake in an intensive monitoring effort were utilized for evaluation of the distribution of sediment measurements. An assessment of sediment nutrient and carbon measurements within Lake Michigan was completed to recognize strata resulting from the hydrodynamics of the system. Nonparametric comparison tests revealed that significant differences exist between measurements of sediment nutrients and organic carbon in the lake using strata based upon water column depth (all results demonstrated a p < 0.05, α = 0.05). Cross-validation analysis was applied to the fieldcollected samples, revealing that large errors occur when estimating sediment flux of carbon or nutrients at a given location in the lake without considering stratification of the distributions of these measurements. Errors in estimating sediment concentrations of nutrients and carbon specific to a location in the lake demonstrated a statistically significant increase when stratification of sediment measurements wasn't employed among sites. For example, distributions of errors in estimating all nutrients and organic carbon concentrations, whereby distance squared inverse interpolation methods were applied, demonstrated a statistically significant increase in absence of stratification (all p < 0.001, α = 0.05). These results have implications for characterization, monitoring, and modeling sediment and water interaction as related to eutrophication, as well as to contaminant exposure and bioaccumulation for chemicals within Lake Michigan and large water bodies where stratification of the sediment based upon physics of the system exists.
Introduction
A tight coupling exists between sediments and the overlying water column in lakes and coastal ecosystems via sediment resuspension. Within the Great Lakes, resuspension of large inventories of nutrients and contaminants deposited over the past decades presently represents substantial fluxes to the water column that can match or exceed external inputs [1] - [5] . Understanding how inventories of nutrients and contaminants are distributed in the sediment within a water body is an important preliminary step to describing water column and sediment interaction for the formulation of eutrophication and bioaccumulation models that rely on accurate estimates of nutrient and/or contaminant fluxes from sediment sources.
Concentrations of nutrients and carbon in sediments are resultant of the bathymetry and hydrodynamics of a given physical system which have influenced rates of distribution of particles in the system over time. Nutrients (phosphorus, silica, and nitrogen) that are present in the sediment are important for algae growth in both marine and freshwater ecosystems when they are reintroduced into the water column. Eutrophication models are commonly developed for water bodies to understand the dynamics between algae populations, the lower food web, and available nutrient concentrations [6] - [16] . In such models, the sediment plays a very important role as both a source and a sink for nutrients from the water column, with nutrients moving between the sediment and the water column by resuspension, settling, and diffusion. Accurately estimating nutrient fluxes from sediments that are available for algae growth within such models is critical to understand and quantify eutrophication processes.
A precise estimation of nutrient fluxes utilized by algae from sediment sources is, likewise, critically important to understand contaminant dynamics involving algae and thus contaminant dynamics within the lower food web of a water body. Algae populations, the base of the food chain, serve as a food source for predators and represent a large biomass in the food web that is capable of making a significant contribution to cycling of nutrients and carbon.
Particulate organic carbon (e.g., fine-grained sediments, plankton) acts as a carrier for toxic chemicals dependent upon a given chemical's hydrophobicity. Exposure to contaminants such as PCBs that reside in and cycle between lake sediments and the overlying water column has been evaluated using a carbon-based modeled representation of the toxic contaminant within the water body [10] [17] [18] . These models operate by examining the circulation and distribution of the contaminant within the water body as the contaminant interacts with carbon within the system and is transported between environmental compartments (water, sediment, atmosphere). Such models have been applied to define the exposure concentrations to a specific fish species within the water body [10] [17] [18] , and describe changes in the species' vitality, such as the ability to survive or reproduce [19] . Alternatively, understanding contaminant cycling between sediment and the overlying water column can be used within a bioaccumulation modeling context designed to estimate toxic chemical concentration within an organism that is accumulated from contaminated prey within the organism's food web [20] - [23] . Bioaccumulation estimates are often linked to a human health risk [24] - [26] .
Thus, the ability to accurately represent the concentration of a contaminant within the sediment of a given water body is critically important in modeling a contaminant's distribution in the water column, bioaccumulation, biomagnification throughout a food web, effects on an organism's vitality (ecological risk) and human health risks associated with the contaminant.
In the present study, Lake Michigan is used as a case study. Lake Michigan is the sixth largest freshwater lake in the world by surface area with a hydraulic residence time of approximately 62 years [27] . However, it has been demonstrated using radiotracer studies that the internal removal of particle reactive constituents via sedimentation is very rapid. Radiotracer studies using 239 Pu (half life is approximately 25,000 years) and 137 Cs (half-life is approximately 30.2 years) documented that a high percentage (>95%) of these tracers were removed from the water column and transferred to the sediment within a few years [2] [28] . The concentrations remaining in the water column were primarily the result of an annual cycle of sediment resuspension and redeposition that released constituents from the sediment back into the water [1] [3] .
Within the present study, we 1) evaluate the distribution of sediment nutrient and carbon concentrations within Lake Michigan to recognize strata that are relevant to the interaction with the hydrodynamics of the system; 2) provide an estimate of the error that can occur when utilizing sediment measurements within a modeling framework without considering distributions of these measurements; and 3) discuss implications that these results have for modeling sediment-water interaction as they relate to eutrophication, contaminant exposure, and bioaccumulation of chemicals within Lake Michigan and other large water bodies where stratification of sediment is likely to exist.
Materials and Procedures

Sediment Samples
The Lake Michigan Mass Balance Study (LMMB) was conducted by the United States Environmental Protection Agency during the 1994 and 1995 time period. As part of this study, a thorough sampling of Lake Michigan sediment was conducted over a series of cruises commencing in July 1994 and ending in May 1996 [29] . Sediment samples included measurements in mg/g of phosphorus (both total phosphorus and sodium hydroxide extractable phosphorus, PO 4 NaOH), silica (SiO 2 ), organic nitrogen, and organic carbon. A detailed description of sampling techniques and sample analysis can be found in the Lake Michigan Mass Balance Project Methods Compendium [29] . All data collected as part of the Lake Michigan Mass Balance project were subjected to water quality assurance procedures [29] . Data at any sample station that failed the water quality assurance procedures was not included in the present analysis. In the present study, we utilize data collected at stations in Lake Michigan that were widely dispersed throughout the lake both with respect to latitude and longitude (Figure 1) , and station depth (m).
This data set comprises the most extensive collection of sediment samples in the lake in the past two decades, and provides a thorough coverage of the lake bed appropriate for application of geospatial methods. The data were collected using box cores, Figure 1 . Sediment measurements of nutrients and carbon were collected at sediment sampling stations in Lake Michigan that were widely dispersed throughout the lake both with respect to latitude and longitude [29] . gravity cores, and Ponars, and the data utilized in the present study represent the surficial sediment (the top 1 cm of the sediment).
Estimation of Strata
The distribution of the lake sediment measurements was investigated based upon depth of the water column overlaying the sediment bed at each sampling location. The water depth of interaction with the lake bottom can be estimated by Airy theory (proposed by George Biddell Airy in 1841), and also commonly referred to as linear wave theory [30] . This is a core theory of ocean surface waves used in ocean and coastal engineering.
Both the shape and speed of a wave are resultant of the displacement of water particles.
In deep water, the shape of the wave is a sine wave. As the wave approaches shore the wave motion is affected by bottom friction at a water depth equal to one-half the wavelength. Thus, the potential for wave and sediment interaction exists: sediments beneath a water column shallower than a critical depth will be influenced by wave-induced current and shear stress, while sediments beneath a water column deeper than the critical depth will not. In applying linear wave theory for deep water gravity waves in Lake Michigan, stratification of the sediment was hypothesized to occur based upon the physics of the system. Wind energies result in dissipation of wave energy that impacts resuspension and settling of nutrients and carbon at depths corresponding to the magnitude of the wave energy. The water depth of interaction with the lake bottom was calculated using the equation [30] - [34] :
where D is the water column depth at which a wave of a given wavelength begins to interact with the sediment (m), g is acceleration due to gravity (m/s 2 ), and T is wave period (s). The National Oceanic and Atmospheric Administration (NOAA) of the U.S.
Department of Commerce maintains a total of two buoys within Lake Michigan that are used to record various measurements of the physical system. Records of NOAA buoy data for Lake Michigan at buoys 45,002 and 45,007 were assessed to determine the distribution of water depth of interaction with the lake bottom using Equation (1) 
Statistical Analysis
Once boundaries for each stratum (including depositional, transitional, and non-depositional strata) were estimated for Lake Michigan, the distribution of sediment mea- A series of nonparametric comparison tests, Wilcoxin sum of ranks tests, were applied to examine if the distribution of values within each strata was significantly different from the distribution of the entire data set; whereby, the entire data set refers to the total unstratified data for each nutrient or organic carbon measurement. For each nutrient or organic carbon sediment data collection, a nonparametric ANOVA, the Kruskal Wallis test, was used to examine if the central tendency of the data collected within each stratum was the same across all strata.
Estimation of strata using Linear Wave Theory and based upon water column depth was further explored by application of novel geospatial statistical methods designed to examine spatial continuity of the sediment data sets [36] . Geospatial statistics tools incorporate spatially dependent features including data continuity and data distribution trends to derive better statistical inferences. Two spatial statistical summaries were derived by Xia and Miller [36] . One of them is:
where ( ) h ρ is the average perpendicular distance from each point in the h-scatterplot to the line y = x, ( ) N h is the total number of paired samples separated by a lag of h, (x 0 , y 0 ) are the coordinates of a point within the h-scatterplot which represents the values of the two samples separated by a lag h, and the summation takes place over all possible pairs of samples with a separation of h. The other is:
where ( ) (2) and (3)) please refer to Xia and Miller [36] .
Cross-Validation Analysis Using Estimated Strata
We investigated quantification of the error that would occur in employment of interpolation methods to the Lake Michigan sediment nutrients and organic carbon fieldcollected data using a stratification based upon depth of the overlying water column versus using no stratification. A version of the Princeton Ocean Model (POM) by Blumberg and Mellor [37] , and later configured for Lake Michigan geometry [38] was utilized for its high resolution bathymetric grid. The POM was developed as a high resolution model for Lake Michigan that operates on a grid system with 44,042 water column cells and 19 sigma layers with the 19 th sigma layer of grid cells consisting of 2318 5 km × 5 km cells that lie at the surface of the lake bed. Interpolation methods were used to estimate the distribution of surficial sediment concentrations of the sediment nutrients and organic carbon that could be used in sediment and water exchange with the 19 th sigma layer of POM, and could be used for a more complex sediment diagenesis model. In employing interpolation methods to the data grouped into strata for a given nutrient or carbon, a separate interpolation was created for each strata. Crossvalidation was applied to estimate the error that would occur if interpolation of a given nutrient or organic carbon data set was completed using stratification versus using no stratification. Two different interpolation methods that are commonly applied for geospatial analysis were chosen for investigation, including inverse distance weighting (i.e. inverse distance squared) and natural neighbor. In application of cross-validation, the data was divided into two groups. One group which we will refer to as the "training sample" was used to develop the model, and a second group called the "prediction set" was used to evaluate the predictive ability of the model [39] . In our study, a training sample equivalent to N-1 was used, whereby N was the total number of measurements collected for a given variable. The prediction set included the single value excluded from the training sample, P i . A prediction error, E i , was calculated as the absolute value of the difference between the prediction set, P i , and the interpolated value generated from the training sample corresponding to the location of the single value in the prediction set, T i :
This process was completed over all samples for a given variable of interest so that a total of N prediction errors were generated (one prediction error corresponding to each combination of training set and prediction set). In considering data splitting, the training set was maximized in order to construct the most robust interpolations using each respective interpolation method. In this way, utilizing cross-validation not only allows an understanding of error attributed to different interpolation methods, but more im-portantly an estimation of the error that would occur in failing to utilize a stratification of sediment data when employing any given interpolation method [39] .
A series of nonparametric comparison tests, Wilcoxin sum of ranks tests, were applied to examine if the distribution of error associated with the interpolation applied using stratification based upon the depth of the overlying water column was significantly different (smaller than) from the distribution of error associated with using interpolation methods with the data set left unstratified. Nonparametric comparison tests were used to make comparisons for stratified and unstratified data sets for the sediment nutrients and organic carbon used with both inverse distance squared and natural neighbor interpolation methods.
Results
Data for recorded wavelength of surface waves in Lake Michigan were analyzed from two U.S. Department of Commerce, NOAA buoys, buoy 45,002 located in the northern basin and buoy 45,007 found in the southern basin of the lake. A distribution of 244,447 observations was examined to estimate the frequency of overlying water column depth at which a wave of a given wavelength began interaction with the sediment, (see Equation (1)). From these observations, three strata were defined, a non-depositional Wilcoxon sum of ranks tests were used to examine if the distribution of values within each stratum was significantly different from the distribution within the entire data set (Table 1) . Results demonstrated that for all of the sediment nutrients and organic carbon, the distribution of values within each stratum was significantly different from the Figure 2 . Frequency of overlying water column depth at which surface wave interaction with the underlying sediment begins to occur as estimated from U.S. Department of Commerce, NOAA buoy data collected in Lake Michigan, and Linear Wave Theory [30] . distribution of the entire unstratified data set (all p < 0.05, α=0.05).
For each nutrient or carbon sediment data collection, a nonparametric ANOVA, the Kruskal Wallis test, was also used to examine if the central tendency of the data collected within each stratum was the same. As would be expected after considering the values in Table 1 , results demonstrate that for all of the sediment nutrients and organic carbon the central tendency within each stratum is not the same for each given data set (all p < 0.001, α = 0.05). Thus, for each nutrient or organic carbon field-collected data set, not only is the distribution of values within each strata significantly different from the distribution of values within the unstratified data set as a whole, but also there is a significant difference among the central tendencies of the strata.
Application of geospatial statistical methods for investigation of stratified and nonstratified distributions of the sediment nutrients and organic carbon further quantitatively justified the stratification based upon overlying water column depth. Results for the two spatial statistical summaries that were derived by Xia and Miller [30] including ρ(h), the average perpendicular distance from each point in the h-scatterplot to the line y = x with respect to the separation lag h; and η(h), a normalized index which represents an averaged ratio of the actual variation over the maximum possible variation for all paired samples with separation h were summarized in Table 2 . Both tests resulted in a smaller quantification for stratified data sets, indicating the improvement over the unstratified data sets in terms of spatial harmony.
A cross-validation approach was applied in conjunction with the model grid of the Princeton Ocean Model [37] [38] to determine the impact on estimating lake-wide distributions of sediment concentrations for nutrients and organic carbon using a stratification into three water depth zones (0 to 40 m, greater than 40 m to 100 m, and greater than 100 m), as well as using data sets left unstratified (Table 3) . Results demonstrate that significantly larger errors occur using interpolations that do not take into account the distribution of the sediment nutrients and organic carbon within the sediment of the lake (Table 3) . As an example, Figure 4 illustrates a comparison of error expressed as a percentage of the prediction set (% P i ) for a spatial dependent interpolation (inverse distance squared) for total phosphorus (mg phosphorus/g) constructed using strata versus constructed without using strata. The interquartile range of error associated Figure 4 . A comparison of error expressed as a proportion of the prediction set (proportion of P i ) for a spatial dependent interpolation (inverse distance squared) for total phosphorus (mg phosphorus/g) constructed using strata versus constructed without using strata.
with application of inverse distance squared for interpolation of total phosphorus constructed without using strata was 24% error to 234% error with extreme values at over 1300% error. This can be compared to the interquartile range of error associated with application of distance squared inverse for interpolation of total phosphorus constructed using strata being 8% error to 83% error. Comparison of error expressed as a percentage of the prediction set (% P i ) for inverse distance squared interpolations for the other sediment nutrients and organic carbon showed a similar trend (Table 3) . Application of nonparametric statistical comparison tests revealed that for all nutrients and carbon there was a statistically significant difference between the distribution of error obtained in applying the interpolation with versus without stratification based upon overlying water column depth (all p < 0.001, α = 0.05).
As an additional example, Figure 5 illustrates a comparison of error expressed as a percentage of the prediction set (% P i ) for a spatial dependent interpolation (natural neighbor) for organic carbon (mg organic carbon/g) constructed using strata versus constructed without using strata. The interquartile range of error associated with application of natural neighbor for interpolation of organic carbon constructed without using stratification is 23% error to 192% error. This can be compared to the interquartile range of error associated with using stratification based upon overlying water column depth being 11% error to 89% error. Similar patterns for distribution of error associated with stratified versus non-stratified interpolations using natural neighbor methods existed for the sediment nutrients. Application of nonparametric statistical comparison tests revealed that for all nutrients and organic carbon there was a statistically significant difference between the distribution of error obtained in applying the interpolation with versus without stratification based upon overlying water column depth (all p < 0.05, α = 0.05 except for silica which was significant at the 10% significance level; Table 3 ).
Discussion
The field data collected and analyzed in the present study are unique in terms of the quantity and quality of samples obtained, and the spatial extent of the sampling effort in that it covers the entire Lake Michigan sediment bed [29] . When considering a large Figure 5 . A comparison of error expressed as a proportion of the prediction set (proportion of P i ) for a spatial dependent interpolation (natural neighbor) for organic carbon (mg organic carbon/g) constructed using strata versus constructed without using strata. Note that due to the range of the values, those calculated as extreme values are not illustrated on this box and whiskers plot. scale sampling project of Lake Michigan sediment nutrients and organic carbon that encompasses a range of the entire lake bed, there is enormous value for eutrophication and bioaccumulation research projects that rely heavily on an accurate representation of lake-wide distributions of sediment nutrients and organic carbon. Sediment distributions of nutrients are critical to understanding eutrophication in water quality studies. Nutrients from sediment sources can act as a food source for algae populations, and large algal blooms have the ability to result in hypoxic or anoxic conditions that are detrimental to fish populations. In addition, eutrophication has an important role in the recycling of toxic chemicals, such as polychlorinated biphenyls (PCBs) in Lake Michigan, that bind to organic particles (algal organic carbon). Several models have been formulated and applied to Lake Michigan to manage the fate and transport of nutrients as well as plankton dynamics on a lake-wide scale [6] [43] . A characteristic of eutrophication models is an attempt to represent the aquatic system using an understanding of interactions between nutrients, plankton, and sediments. The more accurate the dynamics for nutrient concentrations exchanged between water and sediment, the more credible the model results. Within these modeling studies, phytoplankton growth is modeled as a function of available nutrients, temperature, and light [6] 
where k g is growth rate, 
where i S is available silica concentration, k sat-Si is half-saturation coefficient for silica uptake, NH 4 is ammonia concentration, NO 3 is nitrate concentration, k sat-N is halfsaturation coefficient for nitrogen uptake, P is available phosphorus concentration, and k sat-P is half-saturation coefficient for phosphorus uptake. While our present study doesn't address the importance of precisely estimating temperature or light within phytoplankton productivity equations or bioavailability, our results demonstrate that when considering sediment nutrient concentration distributions (thus nutrient concentrations available for phytoplankton uptake and growth from sediment sources) and their relationship to eutrophication, it is necessary to stratify the sediment bed of the lake. As an example, we utilized the bathymetric grid of the Princeton Ocean Model for Lake Michigan [37] [38] in conjunction with a cross-validation approach to determine the impact on estimating lake-wide distributions of sediment concentrations for nutrients and organic carbon within 2318 cells representing the lake bottom, both using a stratification into three zones based upon overlying water column depth as well as using data sets left unstratified. Without stratifying total phosphorus in the sediment, for example, the predicted sediment concentration would have significantly larger errors (as large as 1300% in using either inverse distance squared or natural neighbor interpolation methods), and these errors would then carry over into predictions of sediment and water exchange of total phosphorus ( Table 2) . Examination of interpolation techniques applied to the other nutrients and organic carbon exemplified a similar increase of error that would be encountered and utilized in sediment and water exchange if the modeled distributions of sodium hydroxide extractable phosphorus, organic nitrogen, biogenic silica, or organic carbon in the sediment were left unstratified ( Table 2 ).
The current study results have important applications in understanding contaminant fate and transport processes within Lake Michigan (which are not independent of eutrophication processes) for toxic chemicals that are hydrophobic. Such chemicals, including polychlorinated hydrocarbons (PCBs) in Lake Michigan, are more likely to be sorbed or bound to organic carbon particles when they are in the water column or sediment of a lake. Organic carbon particles that are distributed in the sediment and which are continually reintroduced to the water column via resuspension processes driven by wave dynamics in the nondepositional zone and sometimes the transitional zone provide a continual exchange of toxic chemicals such as PCBs from the sediment into the water column where aquatic organisms are exposed to them. The bioavailable concentration of toxic chemicals that are sorbed or bound to organic carbon particles resulting from the exchange between the sediment and the overlying water column will depend upon physical processes such as settling, resuspension, and diffusion rates that drive sediment and water exchange, as well as processes that are biological in nature including bioturbation and irrigation. In addition, chemical processes such as partitioning and redox reactions will also affect these exposure concentrations. A generally accepted equation for the chemical exchange between a fish and its exposure environment is [20] - [23] :
where d d 
where E C is the chemical gill transfer coefficient, K V is the gill ventilation rate (l/kgfish/d), and C W is the chemical concentration in water (μg of chemical/l water). Further, the chemical flux absorbed by fish from diet, F P , is a result of ingestion rate of the fish and chemical concentration in the diet [20] - [23] :
where β is the chemical assimilation efficiency, K F is the food ingestion rate (i.e. g prey/ g bodyweight/d) and C P is chemical concentration in the prey (μg of chemical/g prey).
It is easy to conclude from examination of Equations ( (7)- (9)) that accurate estimation of both C W and C P are dependent upon an accurate estimation of concentration of or-ganic carbon in the sediment for hydrophobic and nonionic chemicals. Further, estimation of C P , in the case of the lower food web of the lake where prey items are likely to be phytoplankton and zooplankton, will require an accurate representation of eutrophication dynamics and thus credible estimates of sediment and water exchange of nutrients.
The persistence of PCBs in the sediment of large lake systems and their bioaccumulation in fish species such as salmon and lake trout has resulted in concern for the toxic effects on humans through the consumption of fish [26] . Within Lake Michigan, PCBs have been identified as a chemical of concern related to health advisories for human consumption of fish. Additionally, there is evidence that toxic chemicals that are hydrophobic and bind to organic carbon, such as dioxins and PCBs, present an ecological risk to populations of aquatic organisms. Exposure to such chemicals has been suggested to result in declines in fish populations due to effects on reproduction and thus recruitment. For example, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCCD) and structurally related chemicals that act through a common aryl hydrocarbon receptor (AHR)-mediated mechanism of action (including some PCB congeners) found in Lake Ontario sediments are a potential contributing factor to the lake trout population decline in Lake Ontario through lack of recruitment due to exposure [19] . Understanding how carbon is distributed within a water body (both water column and sediment) can thus aid in forecasting the patterns that would be expected for chemical exposure for a contaminant that is nonionic and hydrophobic. Also, with respect to modeling applications, water quality models are often carbon-based models in which the kinetics of carbon within these models function in determining the dynamics of hydrophobic toxic chemicals. For instance, in applying a carbon-based water quality model in Lake Michigan to investigate PCB dynamics that includes a sediment bed, specific attention should be given to congeners that exhibit a high hydrophobicity, because understanding how organic carbon is distributed in sediments will provide insights into modeling the distributions of these congeners both in the water column and the sediment of the lake over time.
Conclusions and Recommendations
The results presented in the current study have direct implications for managing and understanding the Great Lakes. The National Oceanic and Atmospheric Administration (NOAA), National Data Buoy Center (NDBC) maintains buoys in each of the Great Lakes that monitor for wave heights in addition to other parameters that have been utilized in analysis of Great Lakes wave patterns [48] . An estimation of stratification of the sediment into non-depositional, transitional, and depositional zones within each of the Great Lakes will provide insight into differences in distribution of nutrients and contaminants between these large water bodies. There is a very different distribution of water depths among the Great Lakes with the average water depth for Lake Erie, Lake Huron, Lake Michigan, Lake Ontario, and Lake Superior being 19, 59, 85, 86, and tribution of water depths would in turn result in a difference in the sizes and shapes of the sediment zones among the Great Lakes. Further, toxic chemicals that are nonionic and hydrophobic and thus bind to carbon, for example PCBs, exist in all the Great Lakes (as well as other large lake systems). The present findings demonstrate the importance of using appropriate sampling designs that take into consideration the impact of the physics of the system on particle distribution, and that can account for spatial variability, and in turn allow for more accurate estimation of site specific exposure concentration of toxic chemicals in large lake systems such as the Great Lakes. For instance, the Lake Michigan Mass Balance study utilized 3 biota zones to estimate bioaccumulation of PCB congeners [23] [29] . These biota boxes were large enough to encompass multiple strata as predicted using linear wave theory and the quantitative scores developed in the present study. Careful consideration should be taken to understand distribution of sediment measurements with respect to the boundaries of such biota zones.
In expanding upon the work of the present study, models have been developed to translate site specific exposures to toxic chemicals within a given geographic location into population level effects for various fish species, given that exposures can be linked to vital rates [50] - [53] . The ability to predict the distribution of sediment concentrations of toxic chemicals at specific geographic locations will contribute to more precise ecological risk assessments corresponding to specific contaminated sites within a water body, and therefore a better assessment of ecological risk.
